The recent increase in the incidence of deformities among natural frog populations has raised concern about the state of the environment and the possible impact diagnostics performed on field amphibians, biologic mechanisms that can lead to the types of malformations observed, and parallel laboratory and field studies. Hydrogeochemistry must be more integrated into environmental toxicology because of the pivotal role of the aquatic environment and the importance of fates and transport relative to any potential exposure. There is no indication of whether there may be a human health factor associated with the deformities.
However, the possibility that causal agents may be waterborne indicates a need to identify the rel- Over the past two decades there has been a rapid decline in amphibian populations worldwide (1, 2) . Many (4) (5) (6) . These accounts have usually involved specific species and sites that later were found to be normal. However, the recent increases in the frequencies of malformations involve several species and widespread sites as well as a greater incidence of ectromelia (missing limbs) and ectrodactyly (missing digits) (7) . Deformities can be generated in amphibians by several means, including changes in predation, endoparasite infestation and disease, ultraviolet (UV) radiation (direct or by chemical modification), mineral depletion (e.g., calcium and magnesium), and natural or man-made chemicals (8) (9) (10) (11) (12) (13) (14) (15) (16) . Certain retinoids are capable of producing many types of developmental abnormalities in a range of species with differences in response within species determined primarily by dose and by time of exposure (17) (18) (19) (20) (21) . There is also ample evidence to support complex interaction among endocrine factors (22) (23) (24) In the predictive integration of ecologic and human health effects, the issues associated with surrogate/bioindicator/sentinel species become pivotal. Experimentation with the preferred species may be impractical or impossible: it has been at the heart of debates on human health hazards and risk assessments for decades. Experimentation continues with the same uncertainties in the current drive to reduce the numbers and phylogenies of species that may be used predictively. The deformed frogs issue is divided into two perspectives: the use of a convenient surrogate species such as Xenopus to guide questions of importance to the natural affected populations and the use of an aquatic species to guide investigations relevant to human health. In both cases the validity of association depends on the continued improvement of mechanistic data that may allow surrogate organisms to contribute to the weight of evidence. One of the most important points to be reaffirmed relative to frog deformities is the need for hypothesis-driven research. In the process of investigation the hypotheses may be disproven, but the concepts and the efforts are not discredited.
Geographic Extent and Incidence
An accurate assessment of change within a population depends on a reference for comparison. Significant progress has been made in the establishment of a national reporting mechanism whereby reports of deformities can be submitted, verified, and catalogued according to location, species, and type of malformation. Once (26) estimated that the background incidence of malformation in areas where deformed frogs are being reported is probably in the range of 0.5% and similar background rates estimated by Ouellet (27) for an area in Canada. These similarities suggest that some of the areas of Minnesota that were classified "unaffected" for the purpose of ongoing comparative studies may, in fact, be only "less affected." An accurate and more random evaluation of the frequency of abnormalities in natural populations is necessary, along with a better field assessment of areas with putative high frequencies of abnormalities. Much of the groundwater that enters surface waters does so near the shoreline. Depending on mixing conditions, this water may or may not mix quickly with the water already present. In some settings, such as wetlands and swamps, it can remain unmixed for days or months. Hydrogeologic settings are highly variable, but in general, the inflow does not enter via discrete channels (springs) but is somewhat more distributed and spread out along shorelines.
In recent years there has been growing interest in the transport of organics from groundwater to surface water. There has also been a push to document the natural attenuation (also called self-or intrinsic-remediation) of contaminants as they pass through the highly biotic sediments of streambeds and wetlands. Although tentative, site-specific, and unpublished, the early results of these studies indicate that biodegradation of chlorinated organics can be 10-100 times more rapid in the final 50 cm of groundwater flow through streambed/wetland bottoms than in the underlying aquifers that supply water to the wetland. Degradation is rapid in the bottoms, probably because bottom sediments are physiologically rich (supplied both chemically, with both surface water and groundwater solutes, and physically, with flow directions that can change temporally) and Implications of malformedfrogs for ecologic assessments. The stresses identified as possible causes of frog malformation may be acting singly, or in combination, at any of the sites where malformation has been detected. The implications for ecosystem and human health associated with each stress, and the possible mechanisms for reducing their impact, are widely divergent. These disconcerting characteristics of the malformation phenomenon present two considerable challenges. First, they provide no clear guidance, either in the selection of an appropriate level of biologic organization for research or in determination of the most appropriate temporal and spatial scales of investigation. Second, the characteristics create uncertainty concerning the relative priority to be placed on human health issues or on the health and quality of affected habitats. There are several ecologic implications of frog malformation on the possible consequences of anthropogenic or natural stresses for amphibian populations and ecosystem integrity.
The life histories of amphibians may provide a uniquely wide range of opportunities for exposure to natural or anthropogenic stresses. The characteristics of these life histories (late breeding, dependence on habitat quality in water and on land, the importance of dispersal, and colonization in local population persistence) may, in addition, predispose amphibian populations to be sensitive to perturbations of the environment. Although it is important to explore the implications of a variety of possible influences on amphibian survival and reproductive rates, ecologists are constrained by a lack of high-quality quantitative analyses of amphibian population processes. In particular, priority should be placed on obtaining a more detailed understanding of minimum viable population sizes, the influences of behavioral and competitive factors on population sizes, and more reliable data concerning population growth and replacement rates (32) . Without these data, it will not be possible to generate predictions of population persistence or to determine how damaging different levels of malformation may be to amphibian populations in the long term.
Certain ecotoxicologic procedures may help determine whether or not a xenobiotic agent is responsible for a significant proportion of the deformities detected in Minnesota. Detoxifying enzymes may be induced through exposure to certain inorganic and organic pollutants, and a variety of assays may be performed on amphibian tissues, or tissues of other organisms, to seek evidence of exposure to pollutants. Knowledge of specific inductions may assist in the identification of the agent responsible, target chemical analysis and bioassay procedures, and provide biomarkers for rapid evaluation of the distribution and extent of contamination. For example, a broad spectrum of pesticides are inducers of mixed-function oxidases, including cytochrome P450.
Bioassays of contaminated water with a range of pond and wetland organisms may also determine critical concentrations of pollutants that present a hazard to the broader community of organisms that inhabit contaminated sites. If a xenobiotic is identified as a causal agent, enhanced regulatory protection of sites would be based on a knowledge of hazardous concentrations (33) . A broader knowledge of the risks posed to communities of aquatic organisms would also provide initial insight into the possible inhibitory effects of pollution on ecosystem processes.
Application oflaboratory Xenopus laevis (FETAX) data to ecologic and human health issues. The 4-day embryolarval developmental toxicity assay FETAX has been used as a surrogate to monitor various sites around the world for potential ecologic hazards to both amphibians and higher organisms. Surrogate developmental toxicity models such as FETAX are designed to simulate, but not necessarily replicate, a traditional test system. The primary objective is to provide information on larger scale issues such as indigenous species response, ecologic and ecosystem responses, human health concerns, and prioritization of future research efforts. Several types of epidemiologic studies could be conducted if it appears that human populations might be exposed to environmental agents that could cause birth defects: cluster investigations, case-control studies, or cohort studies. These studies can be difficult to conduct because human birth defects are uncommon occurrences. A major malformation is present in approximately 1 in every 30 babies born in the United States. Even the most common specific birth defects occur only about once in every 1,000 births. Most specific birth defects occur only once in every 10,000 to 100,000 births. To detect a moderate increase in the relative risks of specific birth defects in a case-control study, hundreds of cases and controls might be required. In a cohort study, thousands or tens of thousands of exposed and unexposed pregnancies might be required to detect a moderate increase in the relative risk of a specific birth defect.
Before we conduct epidemiologic studies to assess human risks of birth defects, we need more definitive information about the agents that are causing the frog malformations. More information is also needed on the types of malformations produced in frogs and their prevalence. Good data are needed on exposure and specific outcomes of exposure from environmental and toxicologic studies to help epidemiologists formulate an appropriate case definition and select appropriate exposures to investigate. In addition, it would be helpful to use birth defect surveillance systems in place in the states to be studied. State-based birth defect surveillance systems can provide baseline rates of specific malformations that might be studied, can monitor for high rates of specific defects in an area that may warrant followup studies, and can provide a registry of cases for follow-up studies. The data available from an ongoing surveillance system may permit epidemiologic studies to be conducted that otherwise might not be feasible. At The investigation of deformities in frogs has led to basic questions regarding the best scientific approach to understanding adverse environmental effects on wildlife species and determining the implications of such effects for human health. Solving such problems will require cooperation between state and federal agencies and collaboration among chemists, toxicologists, field and research biologists, and hydrogeologists.
